The catalytic mechanism of DNA polymerases involves multiple steps that precede and follow the transfer of a nucleotide to the 3-hydroxyl of the growing DNA chain. Here we report a singlemolecule approach to monitor the movement of E. coli DNA polymerase I (Klenow fragment) on a DNA template during DNA synthesis with single base-pair resolution. As each nucleotide is incorporated, the single-molecule Fö rster resonance energy transfer intensity drops in discrete steps to values consistent with single-nucleotide incorporations. Purines and pyrimidines are incorporated with comparable rates. A mismatched primer/template junction exhibits dynamics consistent with the primer moving into the exonuclease domain, which was used to determine the fraction of primer-termini bound to the exonuclease and polymerase sites. Most interestingly, we observe a structural change after the incorporation of a correctly paired nucleotide, consistent with transient movement of the polymerase past the preinsertion site or a conformational change in the polymerase. This may represent a previously unobserved step in the mechanism of DNA synthesis that could be part of the proofreading process.
T
he catalytic mechanism of Escherichia coli DNA polymerase I has been rigorously studied for more than 40 years (1, 2) . The E. coli DNA polymerase I (Klenow fragment [KF] ), an active truncated form of polymerase I, is composed of two domains: a polymerase domain that incorporates nucleotides, and a 3Ј-5Ј exonuclease domain that excises misincorporated nucleotides. The polymerase domain consists of three subdomains: the fingers, the palm, and the thumb. The fingers subdomain is primarily involved in interactions with the singlestranded region of the DNA template and the incoming nucleotide; the palm forms the active site of the polymerase upon interaction with the incoming dNTP; and the thumb is responsible for binding double-stranded DNA. The exonuclease domain, located Ϸ30 Å from the polymerase domain, binds to the 3Ј-terminus of the primer when a mismatched base is incorporated (3) .
Like other high-fidelity polymerases, KF achieves its extraordinary accuracy through a series of steps that discriminate between a correct and incorrect dNTP. A minimal reaction pathway for KF has been proposed with much of the data obtained from chemical quench experiments (4, 5) (Fig. 1A) . The rate-limiting step (k 3 ) that precedes the phosphoryl-transfer step (k 4 ) had been tentatively attributed to a conformational change of the fingers domain (6) . A comparison of the crystal structures of the binary polymerase-DNA complexes with those of the ternary polymerase-DNA-dNTP complexes reveals a substantial movement upon nucleotide binding, supporting the model that fingers closing was the rate-limiting step (7) . However, recent results have shown this step is much too fast to be rate limiting, suggesting additional noncovalent steps that must follow it (1, (8) (9) (10) ). On the rare occasion of a misinsertion, KF has a 3Ј-5Ј exonuclease proofreading activity that excises the incorrectly base-paired nucleotide. This fidelity-checking process has never been fully defined.
Here, we have used single-molecule Förster resonance energy transfer (smFRET) to measure the movement of KF on a DNA template with single base-pair resolution. smFRET can identify and characterize transient intermediates without synchronization and can elucidate the kinetic pathways of complex enzymatic processes not observed in ensemble studies (11) . Using a Cy3-labeled DNA template and a Cy5-labeled KF (Fig. 1B, left) , we monitored the incorporation of three nucleotides in real time.
After the chemistry step, we observed that the smFRET efficiency briefly drops below the expected next preinsertion site level, a process that is consistent with transient movement of the polymerase past this site or a conformational change in the polymerase that reduces the smFRET efficiency. Dwell-time analysis shows that purines and pyrimidines are incorporated at similar rates. Finally, we observe movement of the primer to the exonuclease site when KF is bound to a primer/template containing a terminal mismatch. These data are consistent with the existence of a postincorporation step that moves the primer terminus to a site different from the exonuclease site that may be part of the proofreading process.
Results
Single-Molecule Polymerization Assays. A 28-mer template was labeled at position 23 with Cy3 (FRET donor) such that when annealed to a biotinylated 15-mer primer, the fluorophore was located 10 base-pairs upstream from the primer/template junction ( Fig. 1B, left; [Supporting Information (SI) Fig. S1 ]). The cysteine residue (C907), located on the r-helix on the back of the palm subdomain, was used to label KF with Cy5 (FRET acceptor). Crystallographic evidence has shown that this site is static during the opening and closing of the fingers subdomain (7) . None of the labels affected binding or polymerase activity (Fig. S2) .
The DNA primer/template complex was surface-immobilized using a biotin-strepavidin bridge onto a polyethylene glycolpassivated microscope slide as previously described (12) . Cy5-labeled polymerase (18 nM, final concentration) was added, and the fluorescence from single DNA polymerase complexes was monitored (Fig. 2) . In the absence of dNTPs, a high fluorescence intensity was observed from the donor (Fig. 2 A, blue) , indicating the absence of a protein-DNA complex (Fig. S3) . The donor intensity decreases whereas the acceptor intensity increases simultaneously ( Fig. 2 A, red) . These anticorrelated transitions indicate the formation of transient polymerase-DNA complexes. The calculated FRET trajectories jump randomly between 0 and Ϸ0.68 (Fig. 2B) . The observed FRET efficiency (Ϸ0.68) corresponds to a distance of Ϸ53 Å (R 0 ϭ 60 Å) (13) , which is within 3 Å of the estimated distance from the Klentaq crystal structure (Ϸ50 Å) (14) . The dwell-time distributions (Fig.  2C ) were used to determine the association rate (k 1 ϭ 7.9 Ϯ 2.1 ϫ 10 7 M Ϫ1 ⅐s Ϫ1 ) and dissociation rate (k -1 ϭ 1.6 Ϯ 0.1⅐s Ϫ1 ) (15), both of which are consistent with previously published values (8) . We estimate an upper limit for the dissociation constant K D Յ 20.3 Ϯ 5.5 nM, which is within 4-fold of solution ensemble studies (16) .
This assay was used to characterize the FRET ratios for polymerases bound to templates annealed to primers having lengths of 15, 16, 17 , and 18 nucleotides. FRET histograms were built from Ͼ100 single molecule FRET trajectories for each primer/template by calculating the FRET efficiency per time bin for each trajectory. The observed peak widths arise from both statistical noise (Fig. S3) and from small FRET differences in individual complexes. As expected, when the polymerase binds further from the donor fluorophore, observed FRET ratios decrease from Ϸ0.68 to Ϸ0.62, Ϸ0.47 and Ϸ0.23, respectively (Fig. 3 ), in agreement with the distance increase expected on B-form DNA (17) . The magnitude of these changes is sufficient to allow us to monitor the movement of the polymerase with single-nucleotide resolution as it adds three nucleotides to the 15-mer primer. Interestingly, the FRET distributions are not symmetric Gaussians, with the high FRET side of the curve truncated. This suggests that the polymerase is interacting with the junction and hindering its motion back toward the 5Ј-end of the primer. Binding to the 16-mer primer/template results in a second FRET distribution at Ϸ0.26. Integration of this peak reveals that Ϸ30% of the total binding events may correspond to a complex in which the primer terminus is bound to a different location in the polymerase, such as the exonuclease site. This peak was not observed for the 15-mer primer/template, because it is hidden under the tail of the large peak at 0 FRET (unbound DNA). However, we can estimate the fraction of primer terminus binding to the exonuclease domain directly from the individual time trajectories (Fig. 2) . Of 531 observed binding events for the 15-mer primer/template, 401 (76%) were to the polymerase site and 130 (24%) were to the exonuclease site. (Fig. 4B ) begins at zero FRET and the FRET ratio then jumps to Ϸ0.68, which corresponds to the polymerase bound to the 15-mer primer (Fig. 3) . The complex remains in this state for an average 0.83 s before the FRET ratio drops to Ϸ0.4 ( Fig. 4B, arrow) , which approximately corresponds to the FRET ratio when the polymerase is bound to the 17-mer primer ( Fig. 3 ), followed by a rapid increase to Ϸ0.62, which corresponds to the polymerase bound to the 16-mer primer (Fig.  3) . The average duration of this transient drop to Ϸ0.47 is Ϸ270 ms. The polymerase remains in the 0.62 state before dissociating from the primer/template (Fig. 4B ). It should be noted that we can distinguish between real events and statistical noise (Fig. 4D , between t ϭ 1.5-3 s), because real events exhibit anticorrelated donor and acceptor fluorescence intensities (Fig. S4) . Control experiments show that the presence of unlabeled KF and does not change the fluorescence intensity of Cy3 (Fig. S5) .
We assign the observed dynamics ( Fig. 4B ) to the incorporation of a single nucleotide, in this case dTTP. The most intriguing part of this process is the transient drop in the FRET ratio that occurs after nucleotide incorporation, because this appears to represent a previously unidentified step in polymerase dynamics in which the polymerase has either undergone a transient conformational change resulting in a reduced FRET ratio or has moved further along the template than is necessary to position the primer terminus in the next preinsertion site. Although it is also possible that this transient drop in the FRET ratio represents a time-average between the next preinsertion site (0.62) and the exonuclease site (0.26; see below), we do not favor this interpretation because the average duration of this process is one order of magnitude slower than our time resolution (33 ms).
Our analysis of 68 single-molecule time trajectories showed that the majority (68%) displayed a single nucleotide incorporation event, whereas 22% showed two nucleotides being incorporated and 10% showed all three nucleotides (Fig. 4 C and D) . Of 97 nucleotide incorporations, 65 displayed the transient drop in smFRET before increasing to the level expected after the addition of one nucleotide (Fig. 4B-D, arrows) . This behavior was never observed in the absence of dNTP or in the presence of an incorrect dNTP. The rates for the incorporation of each nucleotide were estimated from the average dwell times between each incorporation to be 0.8 Ϯ 0.3 s Ϫ1 , 1.1 Ϯ 0.4 s Ϫ1 , and 1.3 Ϯ 0.6 s Ϫ1 , for dTTP, dATP, and dGTP respectively, indicating that these nucleotides are incorporated at comparable rates. Analysis of the transient FRET drops during translocation for each nucleotide indicates that the time spent in this state for each incorporation is nearly identical (T ϭ 0.26 s, A ϭ 0.29 s, and G ϭ 0.24 s). This type of slow, nonprocessive incorporation has been shown to occur during the first 5-10 nucleotides incorporated using similar primer/templates (18, 19) . The rate of catalysis (k cat ϭ 1.2 Ϯ 0.1 s Ϫ1 ) was estimated from a fit of the distribution of incorporation times (Fig. 4E ) and is in agreement with previously reported steady-state values (20, 21) .
Primer/Template Binding to the Exonuclease Site. To test whether the observed dynamics represent positioning the primer terminus in the exonuclease site, we used an analogous 16-mer/28-mer primer/template complex with a terminal G:A mismatch at the 3Ј-end, which is known to increase the binding of the primer/ template to the exonuclease domain (22) . A characteristic smFRET trajectory for binding to this template shows the predominant presence of a state at Ϸ0.26 FRET (Fig. 5 and Fig.  2B ). Based on the crystal structure of KF showing the primer bound to the exonuclease domain (3), we assign this new state to the 3Ј end terminus of primer positioned in the exonuclease site. This state was not observed during the incorporation of single nucleotides to the 15-mer primer and is thus distinct from the transient state at FRET Ϸ0.47. The relative binding fractions were estimated by counting the number of binding events to each site (Fig. 5B) . Of 2,088 polymerase binding events, Ϸ28% bound to the polymerase domain (Ϸ0.62 FRET), Ϸ44% to the exonuclease domain (Ϸ0.26 FRET), whereas the remaining Ϸ28% bound to the transient state (Ϸ0.47 FRET). Interestingly, Ϸ1% of the polymerase domain binding events were observed to directly transfer the primer from the polymerase domain to the exonuclease domain without prior dissociation from the DNA. Our results yield an intermediary level of exonuclease partitioning relative to previously published data (22) (23) (24) and are consistent with the idea that partitioning to the exonuclease site is increased in the presence of a terminally mismatched primer/ template.
Discussion
Kinetic and structural studies have long sought to elucidate the steps involved in the accurate incorporation of nucleotides 
Fig. 3.
Histograms of FRET efficiencies from single-molecule traces using primers of different lengths. Traces of FRET efficiencies for Cy5-labeled KF binding to Cy3-linked 28-mer templates annealed to primers of different lengths were used to generate binding histograms. The primer lengths used and numbers of molecules analyzed were as follows: length ϭ 15, n ϭ 100; length ϭ 16, n ϭ 100; length ϭ 17, n ϭ 100; length ϭ 18, n ϭ 79. Distributions were fit to asymmetric Gaussians as described in Materials and Methods.
during DNA synthesis (1) . These studies have shown that most polymerases have similar structural organizations and share a basic mechanism for nucleotide incorporation, although specific differences are evident even between closely related enzymes. For KF there is convincing evidence that a rate-limiting, noncovalent step precedes phosphoryl transfer when a correct dNTP is present in the active site (25) . This rate-limiting step was thought to be the conformational change to a closed complex; however, recent data suggest that the fingers closing occurs much faster than the rate-determining step for Klentaq1 (1, 10). On the rare occasion that a misincorporation occurs, the primer terminus moves to the exonuclease site where the incorrect nucleotide is excised (26) . It has been speculated that a partial melting of a mispaired primer terminus leads to transfering the primer terminus to a preexonuclease site before further strand separation and movement to the exonuclease site (27) .
We have used smFRET with single base pair resolution to study the binding of a polymerase to a primer/template and the catalytic mechanism of nucleotide incorporation by KF in real time and have detected the addition of three nucleotides to a 15-mer primer. Analysis of the binding of KF to a fully paired primer/template showed FRET ratios suggesting Ϸ65% of primers were bound to the polymerase active site and Ϸ35% to the exonuclease site. These results are in agreement with prior studies that used fluorescence to measure the binding position of the primer in KF binary complexes (22) (23) (24) . Measurements made during the incorporation of three dNTPs detected the movement of KF on the template in three discrete steps that correlated with the FRET ratios for the binding of the KF to primer/templates in which the primers had these three lengths. Surprisingly, we observed that most translocation events were followed by a step that resulted in a transient drop in FRET efficiency below the level expected for a primer/template bound to the next preinsertion site of the polymerase, followed by a rapid return of the expected FRET level for a primer/template bound to next preinsertion site. This movement has not been observed in prior ensemble studies and may represent an important step in the mechanism of nucleotide incorporation. Although other explanations are possible for this decrease in FRET efficiency, the most compelling is that the polymerase has transiently moved about one nucleotide increment further along the template than the next preinsertion site (Fig. 1B, transient  intermediate) .
One possible explanation for this movement is that the nascent base pair is positioned in a ''fidelity-checking site'' that is part of the proofreading process (Fig. 1B) . At this checkpoint the primer/template can either return to the preinsertion site, as observed when a correct nucleotide has been incorporated (Fig.  4) , or move to the exonuclease domain, as observed in a mispaired primer/template (Fig. 5) . Supporting this is the fact that a significant fraction of the binding events are to the putative checkpoint site when using a mismatched primer/template (Fig.  5 ) and that this is not observed for a matched primer/template (Fig. 3B) . Prior kinetic and fidelity analysis shows that mutations of two amino acids (R668A, Q849A) close to where we anticipate the transient site is located have altered k cat and incorporation accuracy (16, 28, 29) . However, all of these prior studies have been carried out using polymerases lacking the 3Ј-5Ј exonuclease activity, and it is possible that greater differences would be observed if the polymerase contained an active 3Ј-5Ј exonuclease activity. Time-resolved fluorescence anisotropy studies have also been used to measure partitioning between the polymerase and exonuclease site (30) . These studies indicate that not only does the presence of a mismatch effect movement of the primer terminus to the exonuclease site, but also that amino acid side chains in a so-called ''preaddition'' site appear to discriminate against the binding of a mispair.
Alternative possibilities are that this putative checkpoint actually corresponds to the preinsertion site and that the movement observed is an equilibrium between the preinsertion and insertion complex, as is proposed to occur with Klentaq1 (10), or that the lower FRET represents a conformational change involved in testing for proper nucleotide base pairing. We do not favor the first possibility because the transition to this lower FRET state occurs immediately after nucleotide incorporation and translocation. An equilibrium between the preinsertion and insertion site would be expected to precede nucleotide incorporation. During the longer dwell times, we would expect to see multiple transitions to this transient low FRET intermediate that should occur when incorrect nucleotides bind, form the insertion complex, and are then rejected, returning the complex to the preinsertion site. Such transitions were not observed. Interestingly, movement to the putative checkpoint site does not appear to contribute significantly to the overall reaction rate, as these transitions are on average Ϸ3-fold more rapid than the longer dwell times observed at the preinsertion site where nucleotide selection presumably occurs. Similarly, if the transient reduced FRET level represents a conformational change, such as a transition to the closed complex, we anticipate that this movement would occur many times before nucleotide incorporation, as previously observed (8) (9) (10) . Instead, we observe this change only once, as a part of the translocation of the polymerase to the next template position (Fig. 4) . It is also possible that the transient drop in FRET results from an interaction between Cy3 and the protein that affects the orientation factor 2 . However, this is unlikely because we observe this drop even when the polymerase has moved three nucleotides away from the donor fluorophore.
Finally, the asymmetric Gaussian distribution of the binding histograms shown in Fig. 3 may indicate that upstream movement toward the donor fluorophore is partially blocked compared with downstream movement. Molecular dynamics simulations have suggested that the primer/template is able to move freely in the active site of the polymerase in the absence of nucleotides in what may form a quasi-cylinder tube (10) . One possible explanation for this hindered motion in the upstream direction is that the polymerase is indexing the first paired template base by stacking with the aromatic ring of Tyr 766 (Klenow numbering), as observed in the Klentaq1 and RNA polymerase crystal structures (7, 31) .
In conclusion, these experiments enabled us not only to visualize polymerization by a DNA polymerase at the singlemolecule level in real time with single base-pair resolution but also to extract kinetic and mechanistic data otherwise hidden in ensemble-averaged experiments. We have measured the fraction of binding events that position the primer in the polymerase or exonuclease domain and have shown that a mismatch greatly increases binding to the exonuclease site, as expected. Most significantly, we have identified a mechanistic step that immediately follows nucleotide incorporation and translocation that is consistent with movement of the polymerase approximately one base pair further from the preinsertion site. It is possible that this site is part of the proofreading mechanism that checks for correct Watson-Crick base pairing. In this model, following nucleotide incorporation the nascent base pair is positioned at this ''fidelitychecking site'' where proper base-pairing is checked. If the correct nucleotide was incorporated, the primer then snaps back to the preinsertion site in preparation for the next incorporation; if an incorrect nucleotide was incorporated, the primer moves to the exonuclease domain in preparation for excision. The existence of such a fidelity-checking site would serve as a rationalization for the distal location of the exonuclease domain and would provide further insight into the mechanism by which DNA polymerases maintain their remarkable fidelity.
Materials and Methods
Preparation and Labeling of the KF and the DNA Substrates. Purified exonuclease-deficient KF contains a single cysteine residue at the N terminus of the R-helix near the back of the palm domain that we fluorophore labeled by a thiol-maleimide reaction. Purified KF was incubated with Cy5-maleimide (GE Healthcare) and allowed to react overnight at 4°C in 200 mM phosphate buffer (pH 7.0) and 2 mM Tris(2-carboxyethyl)phosphine. Cy5 labeled KF was then purified on Centricon YM-30 filters (Millipore) to which was added an equal volume of glycerol. Labeled polymerase was stored at Ϫ20°C.
Synthetic DNA oligonucleotides (Operon) were purified by PAGE and HPLC. All primer strands (15, 16, 17 and 18-mers) contained a 5Ј-biotin. The template strand (28-mer) contained an internal amino modifier (C6-dT) that was labeled with Cy3 (GE Healthcare) according to the manufacturers protocol. The Cy3-labeled template was then HPLC purified on a C18 column (Altech). The primer strands (15-18-mer) were annealed to the template strand at 90°C for 3 min in 50 mM Tris-HCL (pH 7.4), 100 mM NaCl, and 1 mM EDTA at a 1:5 ratio, slowly cooled to room temperature over Ϸ1 h, then stored at Ϫ20°C. Removal of excess template was not necessary because it does not contain the biotin necessary for surface immobilization and was washed away before the smFRET studies.
smFRET Measurements of KF Binding. Quartz slides and cover slips were passivated to prevent KF nonspecific binding by first treating with 1% (wt/vol) Vectabond reagent (Vector Laboratories) in a methanol:acetic acid solution (95:5 vol/vol) for Ϸ20 min, rinsed, and then dried under argon, followed by incubation with 25% methoxy-PEG (M r ϭ 5,000; Laysan Bio Inc.) and 0.5% biotin-PEG (M r ϭ 3,400; Laysan Bio Inc.) in 0.1 M sodium bicarbonate buffer (pH 8.4) overnight, as described (32) . Streptavidin (0.2 mg/ml; USB) was applied to the slide before biotinlylated primer/template (20 pM) immobilization. The smFRET experiments were carried on a home-built prism-based total internal reflection fluorescence microscope as described (15, 33) . The apparent FRET efficiency was calculated as I A/(IAϩID), where ID and IA are the donor and acceptor emission intensities, respectively. During acquisition, acceptor-labeled polymerase (10 -40 nM) was added to the surface immobilized primer/template duplexes in imaging buffer (50 mM Tris-HCl, pH 7.4, 10 mM MgCl 2, 1 mM DTT, 50 mg/ml BSA and 4% glucose (wt/vol), and 0.04 mg/ml glucose oxidase and 0.008 mg/ml catalase to limit photobleaching). FRET histograms were constructed from hundreds of single-molecule time trajectories. The smFRET data were analyzed as described elsewhere (15, 33) .
Single-Molecule Measurements of KF Activity. To measure the polymerization activity of KF, we first surface immobilized the Cy3-labled DNA primer/template and then introduced Cy5-labeled KF in imaging buffer before collecting images. Once image collection was begun, 100 M of dTTP, dATP, and dGTP were introduced, and the polymerization from the primer/template terminus was monitored in real time. Each time trajectory analyzed was smoothed with a seven-point moving average. Nucleotide incorporation time analysis was carried out using a hidden Markov model as previously described (34) .
Asymmetric Gaussian Fit Analysis. The FRET distributions shown in Fig. 3 were fit to asymmetric Gaussians in Igor (Wavemetrics, Lake Oswego, OR) using the following equation:
